Isochlorogenic acid A, also called 3,5-dicaffeoylquinic acid (3, , is a widespread phenolic compound in the plant. Recent studies have shown that it has antioxidant and anti-inflammatory activity. In addition, oxidative stress and inflammation induced by solar ultraviolet radiation is a very significant reason for skin depigmentation. Therefore, in this study, we evaluated the effect of 3,5-diCQA on B16 cells and explored its molecular mechanism. Results showed that 3,5-diCQA upregulated intracellular melanin production in a time-and dose-dependent manner. Tyrosinase (TYR) activity was also increased after treatment with 3,5-diCQA in a dose-dependent manner. Expressions of TYR, TYR-related protein1, TYR-related protein2, and microphthalmia-associated transcription factor were upregulated in a dose-dependent manner after 48 h of treatment with 3,5-diCQA. Results also showed that 3,5-diCQA promoted the phosphorylation of Akt at Thr308 and glycogen synthase kinase-3β at Ser 9. Moreover, 3,5-diCQA increased the content of β-catenin in cell cytoplasm and nucleus by reducing the content of phosphorylated β-catenin (p-β-catenin). All these results suggest that 3,5-diCQA may mediate the acceleration of melanin synthesis by the β-catenin signal pathway.
Introduction
Caffeoylquinic acid (CQA) is a class of polyphenolic compounds produced by esterification between cinnamic acid and quinic acid through the shikimic acid pathway in plant aerobic respiration process [1] . Its derivatives are widely distributed in plants such as green coffee beans, and these compounds show wide ranges of biological activities, such as anti-inflammatory, antitussive, expectorant, anti-tumor, antimicrobial, and antimutagenicity, and have been used to cure various diseases in traditional Chinese medicine [2] . Isochlorogenic acid A (3,5-diCQA; Fig. 1 ), a most common derivative of CQA, has several biological activities, such as prevention of Cu 2+ -mediated low-density lipoprotein oxidation, prevention of protein glycation, and protection against amyloid-toxicity [3] [4] [5] [6] . In addition, 3,5-diCQA also has a significant antitussive and expectorant effect, and can be used to alleviate inflammation [7, 8] . With the increased use of plant polyphenols to cure diseases caused by oxidant and inflammation, a new function of plant polyphenols in protecting human skin against the deleterious effects of sunlight has been proposed [9] .
Melanin is a biological pigment generated by melanocytes, which exists in the skin, hair, and eyes. It is secreted into the surrounding keratinocytes and determines the skin color. The most important role of the above process is to protect the skin against harmful ultraviolet rays which can damage keratinocytes and lead to aging and skin cancer [10, 11] . Diversity of skin color is the result of melanin synthesis and metabolic balance. Melanin synthesis is the main function of melanocytes, and it begins with the substrate tyrosine turning into an intermediate product named L-3,4-dihydroxyphenylalanine (L-DOPA) with the catalysis by tyrosinase (TYR). Then, L-DOPA turns into eumelanin and pheomelanin, two different kinds of melanin via other inter-related enzymatic reactions [12] . In this progress, TYR is the key enzyme controlling the production of melanin content, and the enzymatic cascade is also controlled by TYRrelated protein1 (TRP1) and TYR-related protein2 (TRP2) [13] . Microphthalmia-associated transcription factor (MITF) is the most important transcription factor, which can regulate the gene expressions of TYR, TRP1, and TRP2 [14] . Recently, Wnt/β-catenin signal pathway has been found to play an important role in melanin synthesis by nuclear mediator MITF [15] .
Wnt/β-catenin signal is involved in many biological processes, such as melanogenesis, neurogenesis, and cancer initiation [16, 17] . It is activated via the binding of secreted Wnt to Frizzled protein receptor complexes. In the absence of Wnt, β-catenin is grasped by a multiprotein complex containing disheveled (Dvl), glycogen synthase kinase-3β (GSK-3β), Axin, and adenomatous polyposis coli, which promotes the phosphorylation of β-catenin and leads to its ubiquitination and proteasomal degradation [18] . GSK-3β is negatively regulated with the accumulation of β-catenin in the cytoplasm which can be translocated into the nucleus and combines to the MITF promoter [19] . In the presence of Wnt, GSK-3β-dependent phosphorylation of β-catenin is blocked and β-catenin is translocated into the nucleus, which upregulates the expression of MITF and recruits the complexes of β-catenin and TCF/LEF to the binding sites of the MITF promoter [15] .
In this study, we examined the activity of 3,5-diCQA in melanogenesis which is the most important biological processes controlling the skin pigmentation, and explored whether 3,5-diCQA mediates melanogenesis via β-catenin signal pathway activation.
Materials and Methods

Materials
3,5-DiCQA with over 98% purity was obtained from Aoke Biology Research Co. Ltd, (Beijing, China) and dissolved in dimethyl sulfoxide (DMSO) to make a stock solution. Antibodies against NUP98, β-actin and β-catenin were purchased from Cell signal Technology (Danvers, USA). Anti-GADPH antibody and horseradish peroxidase-conjugated secondary antibodies were from Boster Biological Technology (Wuhan, China). Antibodies against TYR, MITF, TRP1, TRP2, and p-β-catenin (Ser 33) were from Santa Cruz Biotechnology (Santa Cruz, USA). Nuclear and cytoplasmic protein extraction kit was from Beyotime Biotechnology (Haimen, China). Akt inhibitor IV was from Merck Millipore (Massachusetts, USA). 6-bromoindirubin-3-oxime (BIO) was purchased from AMQUAR (Shanghai, China). Antibodies against Akt, p-Akt, GSK-3β, p-GSK-3β, and p-MITF, as well as the components of the whole cell lysis buffer for western blot analysis and phenylmethylsulfonylfluoride were purchased from Sigma (St Louis, USA).
Cell culture
The B16 cells (B16 murine melanoma cells) were obtained from Xiang F Bio (Shanghai, China) and were grown in DMEM medium (Gibco, Gaithersburg, USA) supplemented with 10% heat-inactivated fetal bovine serum (Gibco), 100 U/ml penicillin and 100 μg/ml streptomycin (Gibco) in a humidified atmosphere with 5% CO 2 at 37°C.
Cell proliferation assay
Cell proliferation was determined by counting the total number of cells after treatment with the compound. Briefly, B16 cells were seeded in six-well plates at a density of 2 × 10 5 cells per well. After 12 h, different concentrations of 3,5-diCQA were added and the cells were incubated for 48 h. After two times wash with ice-cold phosphate buffer saline (PBS), 200 μl of trypsin was added for digestion, followed by addition of 1 ml DMEM medium supplemented with 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin, and 100 μg/ml streptomycin was added to terminate the digestion. After formation of cell suspension, all cells in each well was transferred to a 1.5-ml Eppendorf tube, and finally the number of cells in each tube was determined with the Invitrogen Countess ® II Automated Cell Counter (Invitrogen, Carlsbad, USA).
Melanin content assay
Intracellular melanin content was measured by using the NaOH dissolution method [9] . B16 cells were seeded in a six-well plate at a density of 2 × 10 5 cells per well and allowed to attach for 12 h. Then, cells were treated with different concentrations of 3,5-diCQA or inhibitors for 48 h. After two times wash with ice-cold PBS, 200 μl of trypsin was added for digestion, followed by addition of 1 ml DMEM medium supplemented with 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin, and 100 μg/ml streptomycin to stop the digestion.
After the formation of cell suspension, all cells in each well was transferred to a 1.5-ml Eppendorf tube and the number cells in each tube was detected with the cell counter. After centrifugation at 206 g for 10 min, the cell pellet was collected and washed twice with ice-cold PBS. Then, 100 μl of radio immunoprecipitation assay lysis buffer was added and the cell lysate was collected and transferred into a 1.5-ml Eppendorf tube. Spin down at 10 rpm at 4°C for 40-60 min. After centrifugation at 13,708 g at 4°C for 20 min, the supernatant was collected and the protein concentration in the supernatant was determined using the bicinchoninic acid (BCA) protein assay kit (Beijing Biomed, Beijing, China). The pellet was dissolved in 150 μl of 1 M NaOH with 10% DMSO for 1 h at 80°C, and the optical density of the solubilized melanin was measured at 405 nm. Melanin concentration was calculated using the standard curve with synthetic DOPA melanin standard solutions. Data were expressed by normalizing the total melanin with the number of cells [20] .
TYR activity assay
TYR activity was estimated by measuring the rate of L-DOPA oxidation [21] . B16 cells were seeded in a six-well plate at a density of 3 × 10 5 cells per well and allowed to attach for 12 h. Then, cells
were treated with different concentrations of 3,5-diCQA or inhibitors for 24 h. Adherent cells were washed twice with ice-cold PBS. Then, 100 μl lysis buffer (1% sodium deoxycholate and 1% Triton X-100 in PBS) was added. Cell lysate in each well was collected with cytobrush and transferred to a 1.5-ml Eppendorf tube. All tubes were incubated at −20°C for 30 min, and then centrifuged at 13,708 g for 20 min. After centrifugation, the supernatant was collected for protein concentration measurement and TYR activity assay. Protein concentrations were determined using BCA protein assay kit. Sixty microliters of 0.1% L-DOPA and 100 μl of PBS (pH 6.8) were added to each well of a 96-well plate. Then, 40 μl of supernatant were added to each well. After incubation at 37°C for 30 min, the absorbance of dopachrome at 490 nm was measured with a microplate reader, and data were normalized with protein content.
Western blot analysis
Nuclear and cytoplasmic proteins were extracted using a nuclear and cytoplasmic protein extraction kit. Protein concentrations were determined using BCA protein assay kit. Protein samples collected in the melanin content process were also used for western blot analysis. The lysates were denatured in the sample buffer, separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and transferred onto polyvinylidene fluoride (PVDF) membranes. Membranes were blocked with 5% skim milk solution for 1 h and then incubated with primary antibodies at the dilution of 1:1000 overnight at 4°C. After wash with TBST (Tris-buffered saline with 1% Tween 20), the membranes were incubated with peroxidase-conjugated secondary antibodies at the dilution of 1:2000 for 1 h at room temperature. After wash with TBST, protein bands were visualized using ECL western blotting detection reagents (GE Healthcare, Wisconsin, USA). Densitometry analysis was performed using Quantity One (BioRad, Hercules, USA) to scan the signals.
Statistical analysis
All data are expressed as the mean ± SD. Statistical analysis was performed by one-way ANOVA followed by Tukey's post hoc test for multiple comparison tests. Significant differences were accepted when P < 0.05.
Results
Effect of 3,5-diCQA on B16 cell proliferation and morphology
Skin pigmentation is directly affected by the number of melanocytes in the epidermis. Melanocytes are typically adherent, flat, and have multiple dendritic projections. In the present study, the effect of 3,5-diCQA on the proliferation of B16 cells was first investigated. B16 cells were treated with increasing doses of 3,5-diCQA, and cell growth were observed under a microscope after 48 h. As shown in Fig. 2A , low dose of 3,5-diCQA had no significant effect on the proliferation of B16 cells, while high dose of 3,5-diCQA (200 μM) suppressed the proliferation of B16 cells. Meanwhile, 3,5-diCQA did not induce any change in cell morphology when compared with the control cells (Fig. 2B) . Therefore, low concentration of 3,5-diCQA is safe for B16 cells in standard medium.
3,5-DiCQA enhances intracellular melanin content and TYR activity
Melanin contents were measured after B16 cells were treated with 3,5-diCQA at different concentrations for 48 h. The intracellular melanin content in B16 cells was increased in response to increasing concentrations of 3,5-diCQA (Fig. 3A) . The effect of treatment time on intracellular melanin content was also examined, and results showed that intracellular melanin content was increased with the increase of treatment time (Fig. 3B) . Figure 3C showed that 3,5-diCQA could change the color of B16 cells and make them more black. Since TYR is a key enzyme in melanin synthesis, the effect of 3,5-diCQA on TYR activity in B16 cells was further investigated. Results showed that 3,5-diCQA promotes intracellular TYR activity in B16 cells in a dose-dependent manner after 24 h of treatment (Fig. 4A) .
3,5-DiCQA regulates the expressions of TYR-related protein and MITF
As melanin biosynthesis is catalyzed by three enzymes: TYR, TRP1, and TRP2, and 3,5-diCQA can influence the TYR activity and melanin content, we further explored whether 3,5-diCQA can affect the expressions of TYR, TRP1, and TRP2 in B16 cells. Western blot analysis was used to measure the protein levels after 3,5-diCQA treatment. Our results showed that the expressions of TYR, TRP1, and TRP2 protein were all clearly increased after treatment with different concentrations of 3,5-diCQA (5, 50, and 100 μM) for 48 h (Fig. 4B) , indicating that 3,5-diCQA can induce the expressions of TYR, TRP1, and TRP2 in a dose-dependent manner.
MITF is the most important transcription factor involved in the pigmentation, proliferation, survival of melanocytes. MITF also regulates the genetic expressions of TYR, TRP1, and TRP2. Therefore, MITF plays a pivotal role in melanogenesis [15] . Therefore, the effect of 3,5-diCQA on the expression of MITF was also investigated by western blot analysis. Our results showed that after treatment with different concentrations of 3,5-diCQA, the expression of MITF was remarkably increased, while the relative expression of p-MITF was not significantly altered (Fig. 4B) . , and 100 μM for 48 h. Each percentage value in the treated cells was calculated with respect to that in the control cells. Data are expressed as the mean ± SD of three independent experiments (*P < 0.05, **P < 0.01, and ***P < 0.001). Figure 4 . Effects of 3,5-diCQA on TYR protein family and MITF (A) TYR activity was determined by L-DOPA oxidation assay. B16 cells were treated with 3,5-diCQA at 5, 50, and 100 μM for 24 h. *P < 0.5, **P < 0.01, and ***P < 0.01. (B) B16 cells were treated with 3,5-diCQA at 5, 50, and 100 μM for 48 h. TYR, TRP1, TRP2, p-MITF, and total MITF protein expressions were detected by western blot analysis. β-Actin was used as the loading control. Figure 5 . Effects of 3,5-diCQA on the activation of the β-catenin signal pathway (A) B16 cells were treated with 3,5-diCQA at the 5, 50, and 100 μM for 48 h, p-Akt, and total Akt, p-β-catenin, β-catenin, p-GSK, and GSK-3β were measured by western blot analysis. (B) B16 cells were treated with 0.1% DMSO as vehicle or with 50 μM 3,5-diCQA for 6 h. Total β-catenin both in the cell nucleus and in the cytoplasm was measured by western blot analysis. Figure 6 . Effect of inhibitors on 3,5-diCQA activities (A) B16 cells were pre-incubated with Akt inhibitor IV (1 μM) for 2 h before 3,5-diCQA (100 μM) was added, and then incubated for 48 h for the measurement of melanin content. (B) B16 cells were pre-incubated with Akt inhibitor IV (1 μM) for 2 h before 3,5-diCQA (100 μM) was added, and then incubated for 24 h for the measurement of TYR activity. (C) B16 cells were pre-incubated with BIO (5 μM) for 2 h before 3,5-diCQA (100 μM) was added, and then incubated for 48 h for the measurement of melanin content. (D) B16 cells were pre-incubated with BIO (5 μM) for 2 h before 3, 5-diCQA (100 μM) was added, and then incubated for 24 h for the measurement of TYR activity. *P < 0.05, **P < 0.01, and ***P < 0.001. # P < 0.05, ## P < 0.01, and ### P < 0.001 compared with the group only treated 3,5-DICQA.
3,5-DiCQA mediates melanogenesis via β-catenin signal pathway activation Akt, also known as protein kinase B (PKB), is a serine/threonine-specific protein kinase that plays a key role in multiple cellular processes such as cell proliferation, transcription, glucose metabolism, cell migration, and apoptosis. Akt is also involved in melanin synthesis by regulating the melanogenic protein expression. Therefore, the effects of 3,5-diCQA on total Akt and p-Akt were examined by western blot analysis. Our results showed that 3,5-diCQA had no effect on total Akt, while it could distinctly promote the phosphorylation of Akt at Thr308 in a dose-dependent manner (Fig. 5A) .
Akt inhibitor is a cell permeable and reversible benzimidazole compound that inhibits Akt phosphorylation by targeting the adenosine triphosphate-binding site of a kinase upstream of Akt, but does not affect PI3K. Therefore, B16 cells were pre-incubated with Akt inhibitor IV (1 μM) for 2 h before 3,5-diCQA (100 μM) was added. After 24 h of incubation the TYR activity was measured, and after 48 h of incubation the melanin content was measured. Results showed that melanin content and TYR activity did not show any increasing trend after treatment with Akt inhibitor and 3,5-diCQA at the same time (Fig. 6A,B) , indicating that the effect of 3,5-diCQA on melanin synthesis is blocked by Akt inhibitor.
The above results indicate that 3,5-diCQA can increase melanin synthesis by affecting the phosphorylation of Akt. Therefore, we continue to search for other targets. It has been reported that Akt signal pathway has a close relationship with GSK-3β [22] . Phosphorylated Akt can phosphorylate GSK-3β at Ser 9, which leads to the inactivation of GSK-3β and inhibits the degradation of β-catenin [23, 24] . Accumulation of β-catenin in the cytoplasm directly induces its translocation into the nucleus and regulates the expression of MITF gene.
Variation in the expressions of both total GSK-3β and phosphorylated GSK-3β at Ser 9 was measured after 48 h treatment with different doses of 3,5-diCQA by western blot analysis. Our data indicated that p-GSK-3β was increased in B16 cells in the presence of 3,5-diCQA, while total GSK-3β did not show any change in response to 3,5-diCQA (Fig. 5A) .
As a GSK-3β inhibitor, BIO can block the function of GSK-3β, such as the ability to form a protein complex to regulate β-catenin content in the cytoplasm. It can improve melanin synthesis [25] . 3,5-DiCQA could induce the phosphorylation of GSK-3β, which can cause GSK-3β inactivation. So BIO was used to confirm our results. Results showed that both 3,5-diCQA and BIO can increase the melanin content and TYR activity, and their effect was accumulated (Fig. 6C,D) .
Furthermore, the effect of 3,5-diCQA on β-catenin was explored. After treatment with different doses of 3,5-diCQA for 48 h, the variation of β-catenin and p-β-catenin was analyzed by western blot analysis. Results showed that total β-catenin was obviously increased, while p-β-catenin was decreased in a dose-dependent manner (Fig. 5A) . The changes of β-catenin in the cytoplasm and nucleus were further investigated. It was found that β-catenin expression was increased both in the cytoplasm and in the nucleus after treatment with 50 μM of 3,5-diCQA for 6 h (Fig. 5B) .
Discussion
Melanin synthesis is a very important biological process both in curing disease such as Albinism and Vitiligo, and in the whitening cosmetic design. Several previous studies have shown that some plants and their ingredients have regulatory effects on melanin synthesis [9, 26] . Caffeic acid phenethyl ester was found to inhibit alphamelanocyte stimulating hormone-induced melanin synthesis through suppressing transactivation activity of MITF [27] . CQA, a compound structurally very similar to 3,5-diCQA, was also found to have a pigmentation effect on B16 cells [28] . Previous research also found that Methyl 3,5-di-caffeoylquinate induces pigmentation through the activation of the p38 signal pathway [29] . The structures of these Figure 7 . The possible mechanism through which 3,5-diCQA functions in promoting melanin content in B16 cells 3,5-diCQA increases phosphorylation of Akt and GSK-3β and thus increases the inactivation GSK-3β, which reduces the phosphorylation of β-catenin and causes its translocation into the nucleus. The accumulation of β-catenin leads to the transcription of MITF and TYR family, resulting in the subsequent increase of melanin synthesis.
compounds are very similar to 3,5-diCQA, since they have similar structures. Therefore, based on its biological function and structure, we speculated that 3,5-diCQA may have effects on melanin synthesis. So, we investigated the effects of 3,5-diCQA on skin pigmentation induction and its underlying mechanism. Our results showed that 3,5-diCQA increased melanin production by induction of the pigmentation-related transcription factor MITF and melanogenic enzyme. There are some melanin-related signal pathways which are certainly involved in this process to affect the pigmentation-related transcription factor MITF. Therefore, we aimed to explore the melanin-related signal pathways.
There are several signal pathways involved in melanin synthesis including mitogen-activated protein kinases (MAPK) signal pathway, cAMP signal pathway, PI3K/Akt signal pathway, Wnt/β-catenin signal pathway, and so on [30] [31] [32] . 3,5-DiCQA is likely to pass through the MAPK signal pathway, which is the mechanism of Methyl 3,5-di-caffeoylquinate, one of the structural analogs of 3,5-diCQA [29] . But our study showed that β-catenin signal pathway plays an important role in this process instead of MAPK signal pathway, which may be caused by the structural difference between these two compounds.
GSK-3β and β-catenin are key proteins in the Wnt/β-catenin signal pathway [33] . GSK-3β is a constitutive active kinase, and its phosphorylated form p-GSK-3β at Ser 9 is inactive. Phosphorylation of GSK-3β is catalyzed by several kinases, including Akt, PKA, and PKC [34] . In this study, we found that phosphorylation of Akt in the presence of 3,5-diCQA promotes the phosphorylation of GSK-3β, which leads to the accumulation of β-catenin in the cytoplasm.
β-Catenin is a multifunctional protein which is widely present in various types of cells, such as endothelial, fibroblasts, and osteoblasts [35, 36] . It participates in cell proliferation, differentiation, and apoptosis. A recent study has shown that β-catenin is closely related to melanin synthesis via β-catenin signal pathway [19] . Accumulation of β-catenin in the cytoplasm upregulates the expression of MITF through promoting MITF transcription after β-catenin is translocated into the nucleus and binds with LEF [37] . Consistent with this research, our result showed that 3,5-diCQA promotes the accumulation of β-catenin in the cytoplasm, which leads to the overexpression of MITF and eventually promotes the biosynthesis of melanin (Fig. 7) .
Increasing demand for the treatment hypopigmentation in skin leads to the search for natural compounds with antioxidant activity such as 3,5-diCQA which might induce pigmentation in damaged skin caused by loss of antioxidant enzymes or dysfunction of melanization. Our results indicate that 3, 5-diCQA may promote melanin synthesis in B16 cell by β-catenin signal pathway. However, the exact mechanism of action should be further explored in future studies. 
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